This study proposes a bridge safety evaluation process against seismic and flood hazards. 1
Introduction

20
In earthquake engineering, many efforts are targeted on correlating earthquake 21 intensities and damages of buildings or bridges. Bazos et al. (1999) developed a fragility 22 curve for empirical relationship between ground motion and bridge damage for Northridge 23 earthquake, in which Caltrans was used to define the damage states. Based on the on-site 24 investigation, Hsu and Fu (2004) found several types of bridge damage in Chi-Chi earthquake 25 such as unseating span failure, abutment failure, joint failure, substructure damage, footing 26 settlement, and so on. Elnashai et al. (2012) analyzed the earthquake effect on the buildings 27 and bridges for Chile earthquake. They first developed site specific ground motions and then 28 several typical failures observed in the engineered buildings and bridges were investigated. 29
Based on the field investigation, it was found that excessive displacements of the 30 superstructure lead to unseating and collapse of several bridges. The on-site bridge damage 31 reports often implied that an earthquake-induced damage is not easily classified. However, 32 displacement related damage is often found on the field and is a suitable choice to measure 33 the bridge performance under earthquake excitations. 34
In addition to the earthquake hazard, flood hazard is another important risk should be 35 considered. For example, Padgett et al. (2008) reported that 44 bridges were damaged from 36 Hurricane Katrina. Bridge damages are primarily due to debris impact. According to Andric´ 37 and Lu (2016) , the potential hazards of bridge are classified as geological, windstorms and 38 hydraulic hazards, in which geological hazard includes earthquake, tsunami, liquefaction, soil, 39 and landslides; hydraulic hazards includes flood, debris, scour and drift. Based on literature 40 survey, the primary reason for bridge damage in the United States is related to flood-induced 41 damage. According to a report of Construction Research Institute in Taiwan, bridges in 42
Taiwan also have the same trend. Taiwan is a seismically-active and flood-prone region. 43 3 Thus, the goal of this study to investigate the bridge performance under earthquake attacks in 44 the presence of flood-induced scour. To be specific, this study is aimed to evaluate the 45 joint-failure probability of a river bridge subjected to multi-hazard conditions. 46
There are thousands of bridges in Taiwan. Many of these bridges were built several 47 decades ago and need to be examined to ensure operational safety. Among the different 48 disasters, floods and earthquakes frequently occur in Taiwan and their influences are 49 significant. Typhoon-induced floods often result in a serious scour problem. This study 50 considers the two hazards simultaneously to ensure the safety of the bridge. Many 51 uncertainties are involved in the considered hazards, and therefore, a probabilistic approach is 52 adopted. The reliability of the bridge is calculated considering uncertainties in the scours, 53 seismic hazard, and structural performance under a given seismic excitation. 54
Many formulae have been proposed to determine the scour depth. Melville and Coleman 55 (2000) and , US Department of 56 Transportation 2012) provide methodologies to consider the non-uniform pier effect. To 57 employ the uniform pier formula, Melville and Coleman (2000) converted the non-uniform 58 pier width to an equivalent uniform pier width to predict the scour depth. However, in 59 HEC-18, the considered foundation was divided into three parts and the scour depth of each 60 part was calculated separately. In the earlier time, the non-uniform foundation effect is rarely 61 considered. Thus, scour depth is often calculated using the approach of uniform pier formula 62
in Taiwan. To avoid extra burden in practice, the approach used by Melville and Coleman is 63 employed to develop a scour-prediction formula using collected scour data and an 64 optimization algorithm. Please note that this selection does not include accuracy judgement 65 between Melville and Coleman's approach and HEC-18. Further, a probabilistic scour curve 66 is constructed to measure the risk of scours using the Monte Carlo simulation (MCS). 67
The seismic hazard is evaluated using probabilistic seismic hazard analysis (PSHA). To 68 4 obtain the structural performance under different peak ground acceleration (PGA), the 69 nonlinear time-history analysis is performed wherein seven recorded ground motions 70 published in the Pacific Earthquake Engineering Research Ground Motion Database (PEER) 71 are used. The ground motions are fitted and scaled to the response spectrum at the bridge 72 location using the Taiwan code corresponding to the return periods of 475 and 2500 years. 73
The mechanical properties of the cover and core concretes are considered. The detailed 74 modeling procedure of the concrete mechanism is provided in the "Simulation of nonlinear 75 behaviors of pier and caisson" section. The simulations of the plastic hinges of the pier and 76 caisson are major factors in this mechanism. 77
The displacement ductility is used as the parameter in constructing the fragility curve. A 78 finite element model of the Nanyun bridge is built to apply the proposed methodology. In the 79 end, a design scour depth, which is a deterministic value, is provided to help engineers in 80 their practice. That is, if the safety of a bridge with design scour depth is ensured by the 81 current practice, such bridge will meet the target reliability for both the hazards. Several 82 values for target reliability have been suggested (Honjo et al. 2002) , ranging from 1.75 to 7.5 83 for different structural member (e.g, beam in shear or wall in compression) and different 84 failure mechanism (e.g., ductile or brittle). Using = 3 as the target reliability, which is 85 roughly equal to the threshold value (1.00×10 -3 ) suggested by the International Organization 86 for Standardization (ISO) (Davis-McDaniel et al., 2013) , is often acceptable and therefore, is 87 adopted in this study. 88
Proposed methodology 89 Figure 1 shows the flowchart of the proposed methodology. The joint-failure 90 probability of a bridge is the product of three probabilities (Alipour et al. 2013) : the 91 probability of seismic hazard, scour depth, and bridge failure for a given limit state. The 92 seismic hazard developed by the National Center for Research on Earthquake Engineering 93 5 (NCREE) is adopted in this study (Yeh and Jean 2007) . From the experiments, 176 scour 94 depths are obtained to develop a scour-prediction formula using the methodology proposed 95 by Melville and Coleman (2000) . Subsequently, a probabilistic scour curve is established. 96
The fragility analysis is a common tool to determine the structural-failure probability under 97 different limit states. To build the fragility curve, several nonlinear time-history analyses are 98 conducted. The fragility curve is a conditional probability wherein the "condition" refers to a 99 given scour depth. Thus, a predefined scour depth is given for the bridge model in the 100 time-history analysis. Because the modeling of a bridge plays an important role in evaluating 101 the structural performance, the nonlinear behaviors of the pier, caisson, and soil are carefully 102 simulated. The details of the proposed methodology are provided in the following sections. 103
Building the probabilistic scour curve 104 Melville and Coleman (2000) proposed a formula to predict the scour depth of a 105 complicated foundation. The calculation method is expressed in Eq. (1). 106
where K yb is the water depth -bridge shape impact factor, as expressed in Eq. (2). 
Eq. (3) 
where A and B are the weights for b c and b pc , respectively, and the sum of the two weights is 121 one. According to Melville and Coleman (2000) , A and B are functions of the flow depth (y), 122 level of the top surface of the pile cap below the surrounding bed level (Y), and pile-cap 123 width perpendicular to the flow (b pc ). In this study, an optimization technique is employed to 124 obtain the functions of A and B, as described in Eq. (4), where x i refers to the coefficient to 125 be determined. The mathematical formulation of the optimization problem is described as 126 follows. 127
where D s is the scour depth obtained from the experiment, d s is the calculated scour depth 129 using Eq. (1) which is a function of x described in Eq. (4). The experimental data of the 176 130 entries are obtained, and the sequential quadratic programming tool from the MATLAB 131 toolbox is used to solve the optimization problem described in Eq. (5). The objective of the 132 7 optimization is to obtain eight coefficients in Eq. (4) Table 1 presents the predicted result of the proposed approach. In general, the result 141
shows that the accuracy of the formula proposed by Melville and Coleman (2000) is 142 significantly improved. The proposed formula is conceptually consistent with the observed 143 scour behaviors and helps predict the scour-depth accurately. 144
Based on the built scour prediction formula, it is known that scour depth is a function of 145 water depth and water velocity. That is, scour depth is a function of random variables and its 146 probabilistic characteristics (such as mean value, standard deviation and probability density 147 function) are described using MCS followed by Goodness of fit test. The design/target values 148 specified in the code (2009) are used as the mean values of water depth and water velocity. 149
Based on earlier studies (Liao et al. 2012) , the water depth and water velocity were found to 150 often follow the log-normal distribution and are adopted in this study. In addition, the 151 coefficients of variation for the water depth and water velocity are assumed as 0.135 and 0.35, 152
respectively (Liao et al. 2012) . 153 concretes. The behavior of the cover concrete is considered unconfined using a model 156
Simulation of nonlinear behaviors of pier and caisson
proposed by Coronelli and Gambarova (2004) . The stress-strain correlation is calculated 157 using Eqs. (9) and (10) for ascending and descending branches, respectively. The parameter 158  represents the softening effect resulting from the corrosion. Because the corrosion is not 159 considered, the value of  becomes one. 160
The strength of the core concrete is greater than that of the cover section because of the 163 presence of transverse reinforcement. The model proposed by Mander et al. (1988) is adopted 164 in this study to evaluate the confinement effect. Because the pier has a solid circular section 165 whereas the caisson has a hollow section, two types of core concretes are considered. The 166 circular section is evaluated using the model proposed by Mander et al. (1988) . However, the 167 hollow section should be modified to consider the different force distributions. by Mander et al. (1988) . r in Eq. (11) According to Sung et al. (2005) , the shear mode should be converted to the 197 corresponding bending mode to determine the failure mode of the pier or caisson. Taiwan code are adopted in this study (Chang et al. 2009 ). The soil behavior is simulated 205 using the bilinear link element provided in SAP2000. The link is divided into three types, 206 which include horizontal resistance on the peripheral side of the caisson, and vertical and 207 friction resistances on the bottom plane of the caisson. The soil behavior is simulated using a 208 bilinear model wherein the passive-earth force is employed as the upper bound. The friction 209 effect between the caisson and the soil along the peripheral side area is ignored. Similarly, the 210 link property in the vertical direction of the bottom surface is simulated using a bilinear 211 model wherein the bearing force is employed to determine the upper limit, as shown in Eq. 212 (21). The stiffness in the linear part is simulated using Eq. (22). The upper limit and stiffness 213 in the linear part for the frictional force are described in Eqs. (23) and (24), respectively. The 214 friction link is placed at the bottom of the caisson using the same partition method. 215 (T is the fundamental period); however, it may not be less than 90% of the corresponding 246 design spectral acceleration for a damping ratio of 5%. In addition, the average value of the 247 response spectrum within the designated period range may not be less than the average value 248 of the corresponding design spectral accelerations. The ground motions used in this study are 249 converted into response-spectrum-compatible data for return periods of 30, 475, and 2500 250
years. 251
This study aims to investigate the safety of the bridge against two hazards 252 simultaneously through a probabilistic approach. The probability density distributions of the 253 scour and earthquake magnitudes are incorporated into the evaluation process. The 254 aforementioned probabilistic scour curve is used to address this fact with respect to the flood 255 hazard. The seismic risk is measured using PSHA. The purpose of PSHA is to evaluate the 256 hazard of seismic ground motion at a site by considering all possible earthquakes in the area, 257 estimating the associated shaking at the site, and calculating the probabilities of these 258 occurrences (McGuire, 2004) . There are many assessments for seismic hazard analysis and 259 two recent works related to Taiwan are described below. Campbell et al. (2002) were calculated resulting in to a seismic hazard map. Wang et al. (2015) developed a seismic 264 hazard assessment using MCS with earthquake statistics and local ground motion models. 265
They found that the current seismic design in Taipei might not be as conservative as expected. 266
Although the seismic hazard is important, developing a new seismic hazard model is beyond 267 the scope of the current study. Instead, the model built from NCREE is commonly accepted 268 in Taiwan and therefore, is adopted here. For details, please refer to Yeh and Jean (2007) . 269 Based on their model, a seismic hazard curve at a location close to the investigated bridge is 270 built, as shown in Figure 2 . 271 Here, a and b are constants derived from the regression analysis. The fragility curve is a 285 conditional probability computation, representing a failure probability for a given intensity 286 measurement. For example, when the PGA is given, assuming that the capacity and demand 287 of the bridge are log-normally distributed, the corresponding failure probability can be 288 calculated using Eq. (28) as follows. 289
Construction of fragility curve
Here,  is the mean value of the capacity (Alipour et al. 2013) , b a PGA  is the mean value 291 of the demand in terms of the displacement ductility,  is the standard deviation with respect 292 to the limit state, and  is the cumulative probability density function of the standard normal. 293
Based on the study by Alipour (2013) , the capacity of the displacement ductility for varied 294 
Analyses results
312
The MCS is used to simulate the variation in the scour depth for the Nanyun Bridge, 313 wherein the water depth and water velocity are reproduced via LN (1.5933, 0.1798) and LN 314 (0.6692, 0.4173), respectively (Liao et al. 2012) . The histogram of scour depth is obtained 315 through a simulation with a sample size of 10 6 . Based on the histogram, the scour risk curve 316 can be established as shown in Figure 3 . 317
To determine the failure probability of the scoured Nanyun Bridge for a given PGA, 318 three different scour depths and five different sets of ground motions are used. A total of 105 319 time-history analyses are performed, as given in Table 2 . In addition to return periods of 30, 320 475, and 2500 years, this study performs another two sets of ground motions corresponding 321 to PGAs of 1.007 and 1.510. To draw a fragility curve for a given limit state, a continuous 322 failure-probability function in terms of PGA is required. The 105 time-history analyses only 323 provide failure probabilities at five different PGA values. Therefore, as explained, the 324 regression analysis is employed to build the fragility curve. Table 3 show that the failure probability increases with the increase in the scour depth and decreases 334 as the limit state changes from slight to collapse. More importantly, the failure probability 335 was found to increase significantly as the scour depth changes from 8 to 10 m for each limit 336 state. 337
The probability of bridge failure by exceeding a given limit state of k, DS k , under the 338 scour event of SC i , and the earthquake demand of EQ j can be calculated as shown in Eq. (31) 339 (Alipour et al. 2013) . 340
The probability of the simultaneous occurrence of two extreme events (i.e., scour and 342 earthquake) is generally small. Three models for considering the combination effects of 343 extreme loads using reliability approaches are often adopted in practical applications. They 344 are: (1) Turkstra's rule, (2) the Ferry Borges-Castanheta model, and (3) Wen's load 345 coincidence method (Ghosn et al. 2003) . Turkstra's model considers one load reaching its 346 maximum value combined with another load with its mean value, which looks rational, but 347 the results are generally unconservative (Sun et al. 2014) . The Ferry-Borges model, on the 348 other hand, is more accurate than Turkstra's rule because it takes the rate of occurrence of the 349 loads and their time duration into consideration (Ghosn et al. 2003) . The Turkstra's rule and 350 the Ferry Borges-Castanheta model assume independence between two different load types. 351
Conversely, the Wen's method considers the rate of occurrence of each load event and the rate 352 of simultaneous occurrences of a combination of two or more correlated loads (Wen, 1990 
